Diagnostic DNA hybridization relies on probes composed of single copy (sc) genomic sequences. Sc sequences in probe design ensure high specificity and avoid cross-hybridization to other regions of the genome, which could lead to ambiguous results that are difficult to interpret. We examine how the distribution and composition of repetitive sequences in the genome affects sc probe performance. A divide and conquer algorithm was implemented to design sc probes. With this approach, sc probes can include divergent repetitive elements, which hybridize to unique genomic targets under higher stringency experimental conditions. Genome-wide custom probe sets were created for fluorescent in situ hybridization (FISH) and microarray genomic hybridization. The scFISH probes were developed for detection of copy number changes within small tumour suppressor genes and oncogenes. The microarrays demonstrated increased reproducibility by eliminating cross-hybridization to repetitive sequences adjacent to probe targets. The genome-wide microarrays exhibited lower median coefficients of variation (17.8%) for two HapMap family trios. The coefficients of variations of commercial probes within 300 nt of a repetitive element were 48.3% higher than the nearest custom probe. Furthermore, the custom microarray called a chromosome 15q11.2q13 deletion more consistently. This method for sc probe design increases probe coverage for FISH and lowers variability in genomic microarrays.
INTRODUCTION
Genome-derived nucleic acid hybridization probes are routinely used diagnostically to identify, detect or quantify specific DNA sequences. It has long been recognized that repetitive sequences in these probes can interfere with the detection of chromosome abnormalities through cross hybridization to multiple regions of the genome. This is because repetitive sequences comprise at least 50% of the human genome and consist of a diverse set of distinct families (1) with variable degrees of divergence, many of which are conserved throughout mammalian evolution (2, 3) . Elimination of these sequences is a key consideration in genomic probe and experimental design. These sequences can be sequestered away from unique sequences in labelled probes (4, 5) , 'blocked' with unlabelled C o t-1 DNA (6-8), or eliminated from the probe sequence by masking all elements related to known repetitive sequence families (9) . We present an approach to improve the genomic resolution and reproducibility of fluorescent in situ hybridization (FISH) and microarray comparative genomic hybridization (aCGH). Inclusion of evolutionarily highly divergent repetitive elements increases genomic coverage without compromising the specificity of FISH and aCGH to the extent that conserved repetitive sequences would. Contextual effects of proximate, conserved repetitive sequences on probe design are also investigated.
FISH is an essential diagnostic tool for detection of contextual chromosome rearrangements. However, the diversity of relevant chromosomal abnormalities seen in patients with cancer or congenital diseases far exceeds the catalogue of available recombinant probes. Commercial FISH probes often include multiple genes, which reduces their specificity for targeting abnormalities confined to individual genes. The Cancer Genome Project (10) has identified translocations in 317 cancer genes implicated in oncogenesis, 177 of which are <100 kb. Single copy FISH (scFISH) involves sequence-based genomic DNA probes that are 100-500-fold smaller than commercial FISH probes (11) , thus providing the higher resolution necessary for specific detection of contextual changes within small genes. Nevertheless, repeat-masked probes contain exclusively unique genomic sequences, which limit access in genomic regions densely populated with repetitive elements for scFISH.
aCGH determines copy number variation genome wide (12) (13) (14) . It has been widely adopted in cancer research, disease gene discovery, prenatal diagnostics and has improved clinical diagnosis for patients with congenital and acquired diseases (15, 16) . aCGH has been recommended by the American and Canadian Colleges of Medical Genetics as a first-line test for individuals with development disabilities or congenital anomalies (17, 18) . Despite the ubiquity of this test, the accuracy and reproducibility of aCGH has recently been questioned (19) (20) (21) . A study assessing 11 copy number variant (CNV) microarray platforms reported <50% similarity in CNV calls between software and analytical tools and <70% reproducibility in most replicate experiments (21) . Multiple sources of data from different commercial platforms, analysed with the same software, call inconsistent copy number changes (CNC) (20) , implicating the primary data as a significant contributor to this variability.
In FISH and aCGH, non-specific cross-hybridization to other genomic locations is most commonly prevented by sequestering repetitive sequences with excess unlabelled C o t-1 DNA (7, 22) . Addition of C o t-1 reduces consistency and increases variability in genomic hybridization to homologous targets, regardless of whether repetitive elements are present in the labelled DNA (23) . C o t-1 DNA contains sc sequence impurities that increase variability in hybridizations. Probe sequences have also been designed to be devoid of repetitive elements by synthesis of repeat-masked unique or sc intervals (9) . However, the use of C o t-1 DNA in aCGH is unavoidable in order to prevent cross-hybridization between non-allelic repetitive regions in the labelled sample.
The proximity of repetitive elements to sc targets and the extent to which these sequences are conserved have not been considered in microarray probe design. We find that unique sequence microarray probes in close proximity to adjacent repetitive sequences, contribute to poor reproducibility of hybridization intensities, and the degree of repeat sequence divergence can affect the variability of hybridization intensities of these unique sequence probes. By mitigating these effects, it is possible to improve the genomic resolution and reproducibility of FISH and aCGH.
MATERIALS AND METHODS

scFISH probe design
We deduced a complete set of effectively sc regions using an ab initio divide-and-conquer search algorithm (24, 25) directly from the reference human genome (GRCh37/ hg19) (Supplementary Methods 1). This algorithm identified sc intervals without reliance on a catalogue of existing repetitive elements. The search constraints were tuned to include sequences containing highly divergent repetitive elements. Divergent copies of repetitive elements deviate sufficiently from conserved consensus sequences so as to preclude cross-hybridization to nonallelic genomic locations. A genome-wide set of ab initio sc intervals was derived and displayed as custom genome browser tracks. From these intervals, 15 scFISH probes >1.5 kb were designed to detect rearrangements within 10 small cancer-related onco-and tumour-suppressor genes (<50 kb; CCND1, CDKN2A, CDKN2C, ERBB2, FGFR3, FLCN, KRAS, MYCN, NOTCH1, TP53) designated by the Sanger Institute Cancer Genome Project (10) . Regions of at least 2.5 kb for scFISH were used for primer design for long polymerase chain reaction (PCR) as previously described (9) . Supplementary Table S1 indicates the eight probes that were produced, their genomic coordinates, length and primer sequences.
Divergent repetitive elements included in each probe were localized by genome-wide Basic Local Alignment Search Tool (BLAST) and analysed for degree and extent of divergence from consensus sequences of the same repeat family or subfamily. To estimate stability of probe sequences, nick translation products of 300 nucleotides (nt) were simulated by windowing along the length of a probe. Melting temperatures (T m ) for each imperfect duplex were estimated (26) and then plotted for higher and lower stringency, post-hybridization experimental wash conditions (2X SSC, 37 C, 50% formamide; and 2X SSC, 42 C, 50% formamide). With more stringent post-hybridization washing conditions, the divergent repetitive elements were not expected to cross-hybridize to non-allelic genomic loci. Related, non-allelic sequences in the human genome were detected by BLAST analysis. All imperfect duplexes were estimated to exhibit predicted T m at least 10 C lower than the homologous targets. The performance of eight probes containing divergent repetitive elements was validated by scFISH to human metaphase cells with a normal karyotype. Primers for a genome-wide set of ab initio scFISH probes were designed using Primer 3 (27) . Probe length and maximum T m differences were optimized to produce the highest quality probes while maintaining genomic resolution. Primers were designed for intervals between 1.5-2 and 3.5-4 kb, with maximum T m differences set at 0.5 C, 1 C and 2 C. scFISH probes produced with maximum T m differences did not significantly vary; therefore, 0.5 C was used to ensure the highest quality PCR amplification. 
scFISH probe development and hybridization
Ab initio sc products were optimized by gradient thermal cycling, then amplified using long PCR with Platinum Pfx DNA Polymerase (Invitrogen TM , CA). Amplicons were gel purified, extracted (QIAquick kit, Qiagen CA) and labelled by nick translation with digoxigenin-11-dUTP (Roche Diagnostics, ON, Can). Probes were hybridized on normal human lymphocyte metaphase chromosomes, detected with Cy3-conjugated anti-digoxin antibody (Cedarlane, CA), then washed and stained with 4',6-diamidino-2-phenylindole (DAPI) (28) . At least 20 e81 Nucleic Acids Research, 2013, Vol. 41, No. 7 metaphases from cytogenetic preparations of control individuals were examined for each probe to confirm the chromosome location and hybridization efficiency. A probe from CDKN2A, which is abnormal in the preponderance of melanomas, was also hybridized to metaphase chromosomes of the melanoma cell line A-375 (29) .
Genome-wide aCGH
A pool of suitable oligonucleotide probes from ab initio intervals was designed with PICKY (30) , which matches melting temperatures to avoid complementarity between probes and stable hairpin formation. Default parameters were modified as follows: left selection boundary 200, right selection boundary 200, maximum oligonucleotide size 60, maximum match length 20, minimum match length 17 and probes per gene 5. PICKY-suggested 2 057 653 coordinate-defined probes from 513 689 ab initio sc intervals.
A subset of these probe sequences was selected to populate a custom genome-wide 4x44K array. To minimize cross-hybridization of ab initio probes to repetitive sequences within the labelled genomic sample, oligonucleotides were chosen complimentary to genomic targets whose distance to an adjacent conserved repetitive element exceeded the length of the labelled extension products. Products were <300 nt. Oligonucleotide targets and adjacent repeat elements were separated by at least 300 nt, for repetitive sequences with <30% divergence (higher divergence sequences were tolerated). For purposes of comparison, ab initio oligonucleotide targets were paired with Agilent Technologies Human Catalog CGH 4 Â 44K microarray (Agilent 44K) genomic probe sequences in closest genomic proximity to ensure similar distributions. Where possible, gene coverage was maximized. The Galaxy metaserver (https://main.g2.bx.psu.edu) was used to 'fetch' the closest non-overlapping feature for every interval, 'subtract' intervals present in the ab initio and Agilent 44K oligonucleotide sets and determine the base 'coverage' of all intervals. We first determined the distance in nt of the closest repeat masked repetitive element to each probe. Oligonucleotides within 300 nt of a repeat were subtracted from the set. The closest ab initio probe to a corresponding sequence on the Agilent 44K array was fetched. The distance between ab initio probes and adjacent repeat elements was then maximized on the custom designed microarray by selecting oligonucleotides central to each ab initio interval. Gene coverage, which was determined from the proximity of probes to known NCBI RefSeq gene sequences, demonstrated that the paired set of ab initio probes did not cover all known genes (31) . Gene coverage in the custom microarray was improved by adding 1510 probes within or adjacent to the missing genes.
Ab initio normalization and replicate probes were also selected in close proximity of the corresponding Agilent probes. Both the custom designed ab initio 44K and commercial Agilent 44K microarrays were manufactured by Agilent. We hybridized them with genomic DNA from HapMap family trios (YRI: GM19143/GM19144/ GM19415, and CEU: GM07019/GM07056/GM07022). DNA from the offspring (GM19145/GM07019) was used as the reference sample and co-hybridized with either the maternal (GM19143/GM07056) or paternal (GM19144/GM07022) sample on two replicate sectors of each array. To produce extension products <300 nt, DNA was subjected to heat fragmentation (98 C for 10 0 ) before labelling and sized by electrophoresis. Pairs of genomic DNA samples (0.5 mg each) were individually enzymatically labelled using 5 0 -terminally labelled, fluorescent random nonamers (either Cy3 or Cy5 from IDT) with 5 0 !3 0 -exo-Klenow DNA polymerase (New England Biolabs), then mixed and co-hybridized according to the Agilent Oligonucleotide Array-Based CGH for Genomic DNA Analysis Protocol (v6.2). Microarrays were scanned and quantified with Agilent Feature Extraction software (v10.5.1.1). Hybridization intensities of Agilent's nonhuman control sequences were used to correct for background fluorescence. The coefficients of variation [CV = j(Log 2 ratio or signal intensity) standard deviationj/mean] were calculated from replicate spot intensities of each autosomal probe sequence on the same microarray platform. Identical probe sequences were replicated within the same and on different sectors on the array, enabling comparisons of both inter-and intra-array reproducibility on each platform.
Locus-specific aCGH
Reusable 12K oligonucleotide microarrays were produced using a microarray DNA synthesizer in our laboratory (CustomArray, Bothell, WA). Duplicate arrays containing either ab initio sc probes or the published Agilent 44K array probe sequences were manufactured. These arrays were designed to contain a higher concentration of probes mapping within chromosome 15q11.2q13 to fully assess CNCs present in patient samples with chromosome abnormalities in this region. In all, 125 ab initio sc probes and 84 published Agilent 44K probes were replicated multiple times on each respective array. The remaining array content had genome-wide distribution which maximized gene coverage and minimized the distance between the pairs of Agilent and ab initio derived probe sequences.
Genomic DNA from WJK35, an Angelman syndrome (AS) patient cell line with a previously mapped chromosome 15 deletion (32) was used to assess reproducibility for calling copy number differences. DNA was labelled with random Cy5 nonamers as indicated earlier in the text. Each array was hybridized, washed and scanned, then stripped and re-hybridized with the same labelled DNA product. One of the microarrays could not be re-hybridized to a labelled DNA after the initial hybridization study because it failed a quality control test for intra-array reproducibility. For all of the other arrays, labelled genomic DNA was removed from the microarrays after the initial hybridization (Stripping Kit, CustomArray) and then re-imaged. Array performance was assessed for quality control by re-hybridizing a Cy5-labelled, random nonamer, which verifies probe integrity and consistency of signal intensity before subsequent re-hybridization. Custom microarrays were imaged with an Axon GenePix 4000 B microarray scanner (Molecular Devices US). CNV was analysed with Nexus 6.0 (Biodiscovery US) software.
RESULTS
Genome-wide coverage of ab initio sc intervals
The density and coverage of unique sequences for hybridization studies in any genomic region is finite, and in some instances, underrepresented in regions associated with disease or relevant to gene regulation and expression. For example, more than one-fifth of RefSeq genes are covered >50% in gene lengths by repetitive elements (31) . We implemented an ab initio algorithm, which does not require a catalogue of repetitive elements to locate all genomic intervals devoid of multicopy sequences (Supplementary Methods 1). The density and lengths of contiguous DNA sequences used for probe design were increased by tuning sequence alignment stringency to include divergent repetitive elements with hybridization kinetics similar to sc sequences, at the same time avoiding segmentally duplicated and self-chained alignments of close paralogues. Before selecting scFISH and microarray probes, the distribution of ab initio intervals was characterized among previously annotated genomic features. Overlapping, adjacent intervals were merged to generate contiguous sequences of maximal length, then compared with the complement of the collective set of annotated repetitive features with an exclusive disjunction (OR) operation (1, (33) (34) (35) (36) . The coverage or sensitivity for the ab initio set of intervals comprised 87% of the complementing sequences. The specificity was 83%, indicating 17% contained multicopy sequences. However, alignments to human self-chained, paralogous sequence families comprised >90% of these false positive intervals, necessitating an additional filtering step to eliminate these potential probes.
The ab initio probe intervals were densely distributed along chromosomes, with >50% of intervals exceeding 1 kb. Less than 0.2% of all ab initio intervals were separated by >32 kb, with the majority (98%) occurring <8 kb apart. Gaps in the reference sequence assembly accounted for many of the widely separated ab initio regions. Gene coverage was assessed for ab initio intervals !50 nt to define potential targets for probe design of oligonucleotides for both aCGH and FISH. Genes with !50% coverage by ab initio intervals ranged from 5% of those on the Y chromosome to 84% of those on chromosome 18. On average, <8% of genes were completely missed by the ab initio algorithm (from 3% on chromosome 3 to 87% on the Y chromosome). Genes 20 kb comprised 90% of the genes without coverage. Ab initio intervals overlapped other genomic annotations (at genome.ucsc.edu), including 85% of CpG islands, 99% of Vista enhancers, 98% of transcribed, ultraconserved intergenic sequences and 97% of intragenic sequences. Ab initio sequence intervals covered the majority of disease-associated genes in the Catalogue of Somatic Mutations in Cancer (COSMIC) (84%), Gene Reviews (93%) and Pathogenic International Standards for Cytogenomic Arrays (ISCA) gene (95%) databases.
We then designed genome-wide sets of ab initio scFISH probes. PCR primer pairs were selected for 957 304 scFISH probes >1.5 kb from 194 795 unique genomic intervals (www.scprobe.info). Of these, 455 978 of the scFISH probes overlap with known genes. Gene coverage varied from 48 to 58% for scFISH probes designed to be 1.5-2 kb and 3.5-4 kb, respectively. These two subsets of FISH probes together cover 71% of NCBI RefSeq genes. The median distance between adjacent scFISH probes is 6140 nt, with 89.5% of scFISH probes occurring within 25 kb of each other.
A set of oligonucleotides was designed for production of genome-wide and regionally targeted aCGH platforms. A total of 2 057 649 oligonucleotide sequences were derived, 756 235 of which were separated by at least 300 nt from the nearest conserved repetitive sequence (www.scprobe.info). Oligonucleotide hybridization to these target sequences should reduce variability in signal intensities by minimizing cross-hybridization of labelled DNA to repetitive regions in non-target or C o t-1 DNA (23) and prevent sequestration of labelled sc sequences linked to cross-hybridizing adjacent repetitive sequences (37) . The full oligonucleotide set covers 84.7% of known genes, whereas the reduced subset of well-separated sc targets covers 81.5%. The reduced subset of adjacent sc probes is separated from each other by 25 kb, with a median distance of 1.094 kb. Exceptionally long inter-probe intervals (>250 kb; n = 176) either occurred in centromeric regions, were enriched in multicopy sequences (i.e. paralogous self-chained alignments or segmental duplications), or were unsequenced.
Ab initio scFISH probes
Cytogenetic rearrangements involving small cancer genes (<50 kb) have been documented; however, large commercial FISH probes may not provide adequate specificity to resolve intragenic CNCs or delineate intragenic juxtaposition of sequences. Ab initio scFISH probe sequences containing divergent repetitive elements were used to detect small cancer genes (9,11) for CCND1, CDKN2A, ERBB2, NOTCH1 and TP53. All scFISH probes hybridized to the correct chromosomal locations with high efficiency and specificity-17q21.1 (ERBB2), 9p21 (CDKN2A), 17p13.1 (TP53), 11q13 (CCND1) and 9q34.3 (NOTCH1). Representative hybridizations are shown in Figure 1 . Inclusion of divergent repetitive elements in these probes did not produce any observed cross-hybridization with high stringency washing conditions. In addition, we hybridized CDKN2A Probe 1 to metaphase cells from a melanoma cell line (A-375). An aberrant hybridization pattern was observed on one chromosome 9p, with its hybridization signal telomeric relative to the normal chromosomal position (see Figure 1D ). Inclusion of highly divergent repetitive elements significantly expands access to portions of the genome that were previously avoided by repeat masking sc sequences. A total of 95.6% (915 279) of these FISH probes overlap at least one divergent repetitive element. Ab initio scFISH probes consisting exclusively of sc sequences now comprise a minority of (3.7%; 35 658) of the genomic intervals.
Ab initio aCGH
Inclusion of divergent repetitive elements in genomic probes expands the regions accessible for probe development and the potential genomic resolution of aCGH. We have previously suggested that probe placement and, in particular, oligonucleotide targets in close proximity to conserved repetitive sequences may increase the variability in signal intensities observed in microarray hybridization (23) . To test this idea, we selected oligonucleotide probes located greater than 300 nt away (the target size of the random primed DNA sample) from a conserved repetitive element. Hybridization results from our custom array design were directly compared with those obtained from the Agilent 44K platform using the same labeled HapMap trio samples (i.e. healthy individuals). Reproducibilities of the ab initio and Agilent microarrays were compared from the CV of hybridization intensities of replicate oligonucleotide probes. The custom oligonucleotide array of genomic targets with this content exhibited lower variability in hybridization kinetics and increased consistency of signal intensities in aCGH. The median CVs of all probes in both replicates were lower in the ab initio custom array for both log 2 ratio (17.8%) and proband (green) signal intensities (24.1%; Table 1 ; Mann-Whitney rank sum test; P < 0.001). Red signal intensities were excluded because they represented two different individuals (two sectors of each mother/father), which was insufficient to reliably compute CVs.
The subset of probes contributing to higher variability in signal intensities in the Agilent platform exhibited lower reproducibility as a function of genomic location. CVs of different subsets of Agilent probes (all probes, probes within 300 nt of a repeat, and probes greater than 300 nt of the closest repeat) were compared with CVs for the closest ab initio probes. The mean CVs of the intensity log 2 ratios of the ab initio probes were on average 48.3% below that of the corresponding Agilent genomic targets, when the corresponding Agilent probe was located within 300 nt of a conserved repetitive element (paired Student's t-test; P < 0.05; Table 2 ). The mean CVs after background correction for all probes, regardless of genomic context were 34% lower for one HapMap family (P < 0.001); however, the difference was not significant for the other family. For paired sets of ab initio and Agilent probes, CVs were not significantly different for Agilent probes separated from adjacent repetitive sequences by >300 nt. In probe pairs where the Agilent oligonucleotide was within 300 nt of a repeat, the CVs of the ab initio proband signal were lower in all instances, consistent with our previous analyses (23) . We interpret these findings as follows: probes within 300 nt of a repetitive element have the potential to hybridize to a random-primed DNA extension product that contains both a sc target sequence as well as adjacent repetitive elements. Conserved repetitive elements present in hybridized DNA sample are susceptible to cross-hybridization with repeats in non-target labelled and C o t-1 DNA. Figure 2A illustrates an example of this for a pair of probe sequences in TP53. Labelled random-primed (or nick translated) extension products containing a Tigger5 conserved repeat element (11.5% divergent from the TcMar-Tigger consensus) cross-hybridized to the published Agilent probe sequence 179 nt away (CV = 146), but did not hybridize to the ab initio probe situated 462 nt from this repeat element (CV = 32). Calibration of the lengths of the labelled genomic DNA used in aCGH has been demonstrated to significantly improve microarray performance (38) . Indeed, the observed CVs of these specific probes confirm the expected results.
Probe parameters affecting CVs
As the increased variability in microarray signal intensities can be attributed to proximate repetitive elements, we performed analysis of variance (ANOVA) and principal component analyses (PCA) to examine the characteristics of the oligonucleotide sequences that contribute to this source of noise. Genomic features (GC content, probe length, distance of nearest neighbouring repeat element and divergence) were determined for each set of paired probes and assessed by ANOVA for association with signal intensities and CVs. Repeat distance was associated with the log 2 ratio CVs in both Agilent arrays (P < 0.05 and P < 0.001). In the second Agilent hybridization, repeat divergence (P < 0.05) was also associated with CVs. However, the CVs of log 2 ratios were associated with neither repeat distance nor repeat divergence in either ab initio array (P > 0.05). PCA of data from both microarray platforms were consistent among replicate hybridizations for each platform; however, differences between Agilent and ab initio arrays were evident for two PCA eigenvectors ( Table 3 ). The third component of the ab initio data was comprised of CV alone, with no significant interaction with the other factors, as expected from ANOVA. Differences in the Agilent data show that both the distance between probe and adjacent repetitive sequences, specifically within 300 nt, and the degree to which the repeat sequence is conserved, are not independent of the CVs of the probe signal intensities.
We then analysed the CVs of signal intensities from both the Agilent and Affymetrix (Santa Clara, US) microarrays for the same HapMap samples analysed previously. The CVs of four data sets (two Agilent, two Affymetrix) were compared within the same hybridization. This eliminated the possibility that the observed results were derived from subtle differences in experimental conditions or labelling of genomic DNA. Probe CVs were calculated for the Agilent 44K array and the Paired t-tests were performed for log 2 ratio CVs for all probe pairs, probe pairs where the Agilent oligonucleotide was within 300 nt of a repetitive element (AG probes <300 nt), and for probe pairs where the Agilent oligonucleotide probe was at least 300 nt from an adjacent repetitive element (AG probes >300 nt). publically available Affymetrix Genome-Wide Human SNP Array 6.0 Sample Data Set (http://www. affymetrix.com/support/technical/sample_data/ genomewide_snp6_data.affx). The median CVs were compared using a Mann-Whitney Ranked Sum Test. Probes were categorized based on the repeat proximity (either within or beyond 300 nt) and level of divergence (±20% relative to the consensus repeat) of the repetitive element adjacent to a probe (Table 4) . For both commercial data sources, probes within 300 nt of a repetitive element exhibit significantly higher CVs (P < 0.001), though the Affymetrix probes had lower CVs overall than those on the Agilent array. In the Affymetrix data, the level of repeat divergence contributes to probe signal intensity variability to a greater extent than the probe proximity to adjacent repetitive elements. In particular, the combination of low divergence and close proximity produces the highest probe CVs in both commercial microarray platforms. As expected, repeat divergence did not contribute to probe signal intensity CVs for probes at least 300 nt away from adjacent repetitive elements.
Targeted chromosome 15q11.2q13 aCGH detects AS deletion
Lower variability in signal intensities is desirable in aCGH to achieve more consistent calling of CNCs and accurate determination of copy number using fewer probes. To assess the reliability of ab initio probes in CNC detection, we performed aCGH on a sample with a documented chromosome deletion using custom-synthesized, targeted microarrays. A set of 12K oligonucleotide microarrays were produced with probes concentrated in the chromosome 15q11.2q13 region and genome-wide representation at other chromosomal locations. The arrays were simultaneously hybridized to random-primed DNA from a lymphoblastoid cell line derived from a patient with AS carrying a defined deletion of 5.01 Mb (32) . The same labelled sample was used in eight hybridizations: four containing identical probe content from the ab 0 labelled, random-primed DNA extension products (of 300 nt) are windowed along the TP53 gene with the locations of a pair of Agilent and ab initio sc oligonucleotide probes. Increasing the distance between microarray probe sequences (in grey) and repetitive elements (in red) reduces the likelihood of hybridization to a labelled DNA product containing both the unique target (in black) and repetitive sequence. Extension products containing an adjacent Tigger5 repetitive element would be expected to hybridize to the Agilent probe located 179 nt away, but not to the ab initio sc probe situated 462 nt from the repeat, even though both are sc (black) probes. The average CV of this Agilent probe was 146, compared with the ab initio probe, which had a CV of 32. (B) Accurate hybridization signal intensity is achieved with sc target labelled DNA (black), exclusively hybridizing to probe sequence. Panels C and E depict how the presence of repetitive sequences in labelled target DNA can lead to higher than expected signal intensities. (C) Signals can be amplified by repeats (red) in close proximity to sc sequences (black), leading to non-allelic cross-hybridizations between repetitive elements adjacent to the labelled target DNA and other regions of the genome. (D) Unlabelled C o t-1 DNA is known to be contaminated with sc sequences (blue), which can serve as microarray probe targets. These contaminants in C o t-1 can suppress hybridization to desired target sequences by blocking the target labelled DNA from hybridizing to the probe sequences, reducing the overall fluorescent signal. (E) The major repetitive fraction in C o t-1 DNA will hybridize to labelled, random-primed DNA containing repetitive sequence (e.g. Tigger5 in this instance). This can result in an undesirable increase in signal intensity through bridging hybridization of labelled DNA target to other non-allelic repetitive sequences. This can be mediated by cross-hybridization to repetitive sequences in C o t-1 DNA, which is usually added in stochiometric excess of the labelled sequence in microarray studies.
initio custom array and four containing published probe sequences from the Agilent 44K array. One of the arrays containing the Agilent probe design failed quality control owing to uneven oligonucleotide synthesis and was excluded from further analyses. The ab initio platform contained 125 probes and the Agilent platform contained 84 within the common AS deletion-breakpoint interval. Each probe was replicated on the array three times. The ab initio probes were distributed on average 52.54 kb apart throughout the CNC region, with a Comparison of probe CVs of Agilent and Affymetrix platforms based on proximity to and divergence level of neighbouring repetitive elements. Probe CVs were calculated for Affymetrix (panels A and B) and Agilent (panels C and D) data from hybridizations with the HapMap proband samples (panels A and C: GM07019, panels B and D: GM19145) used in this study. Median CVs of different groups of probes within each platform were compared using the Mann-Whitney rank sum test. Probe subsets were selected based on the distance to the closest repetitive element in nt (either less or greater than 300 nt) and the divergence of the repetitive element from a consensus family sequence (less than or greater than 20%).
a Mann-Whitney rank sum test. Principal component analysis was carried out to assess the relationship between probe CVs, GC content, probe length, distance of the closest repeat and its divergence from the consensus family sequence. In the ab initio probe set, the CV eigenvalues showed little or no interaction with other probe properties (compare eigenvectors 1 or 2 versus 3). In contrast, the corresponding eigenvalues were related to distance from and divergence of adjacent repetitive sequences in data from the Agilent platform. Bolded numbers indicate the parameter has a positive or negative effect of at least 15% overall.
median distance between oligonucleotides of 18.01 kb. The Agilent probes were slightly more dispersed, with an average distance between oligonucleotides of 77.83 kb and a median distance of 52.11 kb. CNC detection was done by Rank Segmentation (39, 40) and required at least five probes in a segment to assign a CNC.
Results from five of seven genomic microarrays called the AS deletion accurately: all four replicates of the ab initio probe set and one replicate containing Agilent probe sequences. Figure 3 indicates representative examples of primary signal intensities for the oligonucleotide probes spanning the deletion interval and flanking sequences for the ab initio and Agilent-based microarrays. The primary signal intensities of the ab initio probes displayed lower overall variability in the distributions of intensities in this genomic region. Ab initio probes within the deletion interval were then matched, based solely on genomic proximity, to the 76 Agilent probe sequences (excluding the breakpoint regions). Considering the matched probes alone, all four data sets from the ab initio platform were able to call the CNC, which was detectable on only a single array with Agilent probe content.
We tested the limits of sensitivity of the ab initio and Agilent microarrays to call CNCs by reducing the probe densities in this region by selecting one of two alternating probes (n = 37). All four replicates of the ab initio array still detected the AS deletion. Interestingly, one of the Agilent replicate arrays called the deletion, but it was a different microarray from the one indicated in the previous analysis that involved twice as many probes. The resolution and consistency of both array platforms of calling deletions was unreliable when only 12 probes were scored (every third probe from the set of 37). A defined region within the deletion (ab initio-chr15:22 815 291-24 061 148 (hg19); Agilent-chr15:22 784 523-23 930 870) that spans the Angelman breakpoint 2 (BP2) (32) was called as a gain in one ab initio data set and all three Agilent data sets. By contrast, the region of the deletion distal to BP2 (ab initio-chr15:25 207 252-30 319 444; Agilent-chr15: 25 143 144-30 322 138) is inferred as a copy number loss in all seven data sets. The mean CVs of all probes within BP2 that inconsistently called CNCs in both platforms were 34.87% (ab initio) and 17.75% (Agilent) higher than the other probes in the deletion interval. This is likely due to higher noise in the observed signal intensities. This may be related to interference of segmental duplicons in the hybridization, which are known to distort aCGH results (32) . Segmental duplicons span 47% (ab initio) and 53% (Agilent) of the BP2 region. This is considerably higher compared with the genomic interval that was consistently called as a deletion and contains a smaller proportion of segmentally duplicated sequences (14%).
DISCUSSION
Sequences of synthetic DNA probes used in genomic hybridization have been traditionally derived from unique sequences, or include repetitive elements that are sequestered during hybridization (4-9). The contextual effects of the genomic proximity of these sequences to repetitive elements have generally not been accounted for in assessing probe performance. Judicious selection of probes distant from adjacent conserved repetitive sequences can improve reproducibility of human genomic hybridization. Furthermore, probes incorporating divergent repetitive sequences do not adversely affect sc probe specificity. Under more stringent hybridization conditions, crosshybridization catalysed by repetitive sequences is preventable. The inclusion of divergent repetitive elements expands genome-wide probe coverage, the outcome of which are increased lengths of scFISH probes in those regions and higher resolution in delineating novel genomic rearrangements by hybridization-based methods (such as genomic microarrays, multiplex ligation-dependent probe amplification (MLPA), PCR and others).
There are other established methods for producing short FISH probes. Software has been used to design smaller (10-100 kb) FISH probes (41), similar to our own scFISH products (9, 11) . Pools of labelled oligonucleotides have been used to visualize regions as small as 6.7 kb (42); however, the efficiency of detection with these pools is currently insufficient to be recommended for clinical use. Furthermore, both of these methods still require repeat-free regions for probe design. The ab initio scFISH probes presented here can reliably target small genes that are known to be commonly rearranged in cancer. By contrast, conventional, recombinant FISH probes extend well beyond the boundaries of these genes and often include neighbouring genes. Repeat-masked probes that lack divergent repetitive elements (9) within these genes are often too short to perform scFISH.
The coverage and level of specificity achieved by ab initio scFISH can confirm intragenic rearrangements or define small chromosomal aberrations detected by aCGH. Abnormalities that can be detected by these probes include small deletions (genes or exons), gene amplification, translocations and inversions involving the probe's genomic location. For example, CCND1 at 11q13.3 is only 13.37 kb. A common translocation t(11;14)(q13,q32), which over-expresses this gene has been found in 20% of multiple myeloma cases (43, 44) and 94% of mantle cell lymphoma patients (45) . We have created two probes (<4 kb) targeting exons 3 (probe 1) and 5 (probe 2) of CCND1. In patients carrying this translocation, these probes will hybridize to the derivative chromosome 14. Commercial and cloned probes in this genomic region are considerably longer and would not detect rearrangements confined to this gene.
Despite the widespread application of aCGH for genome-wide copy number determination (46, 47) , the inter-and intra-platform reproducibility of both expression and copy number microarray data may be less than satisfactory (19) (20) (21) 23, 37, (48) (49) (50) (51) . These previous studies have generally assumed that discrepancies resulted from stochastic noise in signal intensity measurements and have been attributed to algorithms used to call CNC analyses. Higher CVs of signal intensities have also been linked to probe length and composition, cross-, self-and perfect match hybridization free energies, melting temperatures, position within a target sequence, sequence complexity, potential secondary structure and sequence information content (52) . Nonetheless, these parameters have been described as insufficient for optimizing probe performance (53) .
Our results suggest that the variability in aCGH studies does not originate solely from stochastic effects, but rather a systematic error introduced during probe design. We demonstrated that the genomic location of the probe relative to neighbouring conserved repetitive elements and the level of sequence divergence of the nearest repeat can account for 40% of the variance observed in the Agilent genomic microarray data. We were however not able to explain all of the variance in the signal intensity data. It has been recognized that self-self hybridization in solution may be responsible for variability by sequestering some of the labelled hybridizable sequences (37) . We propose that formation of these duplexes is frequently catalysed by repeats in labelled DNA containing the sc target sequence. Repetitive sequences throughout the genome are of sufficiently high concentration for such events to be commonplace during hybridization. Other factors such as variation in the quantity of probe on the array and hybridization kinetics, could also account for the unexplained variance.
When expanding the oligonucleotide set with additional probes, it is important to consider the probe characteristics that are the most crucial to minimizing CVs. Probes within 300 nt of adjacent repetitive elements with <20% divergence from eponymic repeat family members have the poorest performance, with CVs on average 8.41% higher than those with greater separation from these elements. The variation of signal intensities is likely due to cross-hybridization to repetitive sequences present in the labelled target DNA as well as C o t-1 DNA contaminated with the sc sequences detected by the probe (Figure 2 ). Figure 2B illustrates the expected hybridization pattern, when labelled sc target DNA hybridizes to the probe resulting in an accurate signal intensity. Figure 2C demonstrates the cross-hybridization that can occur when the microarray probe is located within 300 nt of a conserved repeat element (e.g. Agilent probe in panel 2A), resulting in an unexpected, higher signal intensity. In Figure 2D , reduced signal intensity can result from cross-hybridization of unlabelled sc sequences present in C o t-1 DNA, which could block the labelled target sequences from hybridizing to the array. The signal can also be amplified when labelled DNA is bridged through non-allelic elements in unlabelled C o t-1 DNA ( Figure 2E ). Increasing the genomic distance between sc target sequences used as probes on the microarray and conserved repetitive elements in the genome diminishes the likelihood of cross-hybridization to labelled target DNA products containing non-allelic repetitive sequences. We demonstrated that signal intensity CVs can be reduced by avoiding probe placement within 300 nt of a repeat element.
The reliability of calling CNCs is improved with probes that exhibit lower variation in primary signal intensities. Such probe sequences are of sufficient density in the genome that the same rearrangements analysed with commercial microarrays can be detected with greater reliability. The Agilent 44K array did not have sufficient probe density or low enough CVs to reliably detect a common chromosome 15q11.2q13 deletion, whereas a CNC based on 36 ab initio-designed probes was consistently called. Lowering CVs in microarray hybridization studies actually decreases the number of probes required for accurate CNC detection without significant loss in genomic resolution while still detecting small chromosome rearrangements. An implication of reliable detection of chromosome rearrangements with fewer probes is that it would facilitate increased multiplexing, with additional sectors on the same microarray allowing analysis of larger numbers of patient samples per array.
To overcome limitations in sensitivity, manufacturers have increased probe densities to perform copy number analysis by averaging CNC calling using the results of multiple probes. These probe densities partially compensate for loss of dynamic range that results from normalization (which statistically reduces noise). We have taken a different approach by populating the array with probes that have inherently lower susceptibility to noise. Future studies will determine the minimum number of ab initio probes required to call well-characterized CNCs for various clinically relevant genomic imbalances. Optimizing CNV calling algorithms will nevertheless continue to be a crucial factor in aCGH microarray experiments. Reliable detection of genomic abnormalities is crucial in diagnostic microarray studies, especially in situations where each patient sample is analysed with a single hybridization array.
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